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Neural developmentTPases has been implicated in many neurological disorders including mental
retardation, but whether they are involved in primary microcephaly (microcephalia vera) is unknown. Here,
we examine the role of Rac1 in mammalian neural progenitors and forebrain development by a conditional
gene-targeting strategy using the Foxg1-Cre line to delete ﬂoxed-Rac1 alleles in the telencephalic ventricular
zone (VZ) of mouse embryos. We found that Rac1 deletion in the telencephalic VZ progenitors resulted in
reduced sizes of both the striatum and cerebral cortex. Analyses further indicated that this abnormality was
caused by accelerated cell-cycle exit and increased apoptosis during early corticogenesis (approximately
E14.5), leading to a decrease of the neural progenitor pool in mid-to-late telencephalic development (E16.5 to
E18.5). Moreover, the formation of patch-matrix compartments in the striatum was impaired by Rac1-
deﬁciency. Together, these results suggest that Rac1 regulates self-renewal, survival, and differentiation of
telencephalic neural progenitors, and that dysfunctions of Rac1 may lead to primary microcephaly.
© 2008 Elsevier Inc. All rights reserved.IntroductionMicrocephaly, generally deﬁned as head circumferences showing
two standard deviations or more below the mean, can be caused by
either genetic or environmental factors (Opitz and Holt, 1990). When
congenital microcephaly is the only abnormality found on evaluation,
the disorder is designated as primary microcephaly or microcephalia
vera (Dobyns, 2002). So far, six genetic loci have been identiﬁed to be
associated with primary microcephaly, including ASPM (Bond et al.,
2003) andMicrocephalin (also calledMCPH1, Jackson et al., 2002). The
clinical course of primary microcephaly can be either mild or severe,
with the latter linked to profound mental retardation, severe spastic
quardriparesis, early-onset intractable epilepsy, and death at 5 to
6 months of life (Abuelo, 2007). These MCPH genes are thought to
regulate mitosis of progenitors in the neuroepithelium that lines the
cerebral ventricles (Cox et al., 2006). It has also been postulated that
an increase of mitotic cycles and reduction of programmed cell death
of neural progenitors are important mechanisms for expansion of the
telencephalon during brain evolution (Rakic, 1995). Thus, dysregula-
tion of neuroepithelial progenitor proliferation and survival could be a
major cause of primary microcephaly.at fax: +1 513 636 3768. C.-Y.
i.zheng@cchmc.org (Y. Zheng).
l rights reserved.Rho family GTPases are intracellular signaling proteins that act as
binary molecular switches, cycling between a GTP-bound active state
and a GDP-bound inactive form in response to a variety of extracellular
stimuli (Jaffe and Hall, 2005). Rho GTPases play a critical regulatory role
in multiple cellular processes in diverse cell types, including cytoske-
leton organization, vesicle trafﬁcking, transcription, cell cycle progres-
sion, and apoptosis. In neuronal cells, Rac1 is one of the most studied
Rho family members and has been implicated in neuronal morphogen-
esis, survival, and neural transmitter release (Govek et al., 2005;
Linseman et al., 2001; Le et al., 2005). To date, however, most functional
roles of Rac1 in neuronal cells were deduced by over-expression of
dominant-negative or constitutive-active mutants. This approach has
inherent limitations by nature of the interference of multiple upstream
activators or downstream effectors. A recent mouse gene targeting
study carried out by our labs has revealed a number of unexpected
functions of Rac1 in neuritogenesis and neuronal migration that were
unappreciated or masked in previous studies using dominant mutant
expression (Chen et al., 2007). It appears that directed gene targeting in
mice is a valuable tool to better deﬁnephysiological roles of RhoGTPases
in neural regulation and development.
Rac1 GTPase has been implicated in regulating several stem cell/
progenitor functions, including the engraftment of hematopoietic
stem cell, maintenance of epidermal stem cell, and the proliferation
and expansion of endothelial progenitors (Gu et al., 2003; Benitah et
al., 2005; Tan et al., 2008). However, whether Rac1 has similar
functions in neural stem cells or progenitors has not been determined.
To deﬁne the biological functions of Rac1 in the mammalian forebrain
163L. Chen et al. / Developmental Biology 325 (2009) 162–170development, previously we have used a conditional gene-targeting
strategy by crossing Foxg1-Cre mice and a Rac1-ﬂoxed strain to
achieve Rac1 deletion beginning in the E9 telencephalic neuroepithe-
lium (Chen et al., 2007). This strategy leads to effective deletion of
Rac1 in the forebrain and causes late embryonic lethality around E18–
19. In the present study, we report that Rac1-deletion in the
telencephalic neuroepithelium impairs cell-cycle exit of progenitors,
as well as, survival and differentiation of post-mitotic neurons. These
effects lead to a reduction of the progenitor pool in late embryonic
stages and a disproportionately smaller forebrain, resembling the
microcephaly phenotype. Our ﬁndings provide novel insights of an
important role of Rac1 GTPase in neural progenitor regulation in the
mammalian forebrain development.
Material and methods
Generation of Foxg1-Cre;Rac1loxP/loxP mice
Rac1loxP/loxP mice were crossbred with Foxg1-Cre mice to derive
the Foxg1-Cre; Rac1loxP/loxP genotype (Chen et al., 2007). Genotyping
of Rac1loxP and Foxg1-Cre alleles of mouse embryos and adults was
carried out by PCR as previously described (Glogauer et al. 2003;
Hebert and McConnell, 2000; Chen et al., 2007). The Rac1 wild-type
allele, ﬂoxed allele and the ﬂoxed-recombined (knockout) allele give
115 bp, 242 bp and 140 bp products, respectively, by the PCR reactions.
The targeted Foxg1-Cre allele gives a 471 bp product. For timed
pregnancy, themorning in detection of vaginal plug was designated as
embryonic day E0.5. Between 3 and 9 embryos of each genotype were
examined for various developmental dates.
Immunohistochemistry and TUNEL assay
All embryos were ﬁxed overnight in 4% paraformaldehyde, rinsed
extensively in PBS, and cryoprotected in 30% sucrose before sectioning
at 15 μm on a cryostat. Immunostaining was carried out using the
following antibodies: rabbit α-Calbindin, 1:2000 (provided by P.
Emson); mouse α-Tubulin III, 1:1000 (Covance); rat α-BrdU, 1:200
(Serotec); rabbit α-Foxp1, 1:4000 (provided by E. Morrisey); rabbit α-
DARPP-32, 1:500 (Chemicon); rabbit α-cleaved Caspase3, 1:200 (Cell
signaling); rabbit α-Gsh2, 1:5000 (made by K. Campbell); mouse α-
Mash1, 1:100 (BD); rabbit α-Neurogenin2, 1:2000 (provided by M.
Nakafuku); α-goat-Pax6, 1:1000 (Santa Cruz); rabbit α-Ki67, 1:1000
(Novocastra Laboratories); rabbit α-phospho-Histone3, 1:200
(Upstate). The secondary antibodies used were biotinylated swine
α-rabbit 1:200 (DAKO), horse α-goat, 1:200, and goat α-rat, 1:200
(Vector Laboratories) antibodies; Alexa 594 goat α-rat, 1:1000; Alexa
594 goat α-rabbit, 1:1000; Alexa 594 goat α-mouse, 1:2000; Alexa
488 goatα-rabbit, 1:1500 (Molecular Probes); cy3-conjugated donkey
α-goat, 1:200 (Jackson ImmunoResearch). For biotinylated antibodies,
ABC kit (Vector Laboratories) was used to visualize the reaction
product using diaminobenzidine (DAB, Sigma) as the ﬁnal chromogen.
TUNEL analysis was performed using the in-situ Cell Death Detection
Kit (Boehringer Mannheim/Roche).
BrdU incorporation and cell-cycle exit assay
From timed mating, pregnant females were injected intraperito-
neally at the designated embryonic stages with 0.1 mg/g BrdU in PBS.
Embryos were collected at appropriate stages and serial cryosections
were collected. Sections were treated with 4N HCl to expose the BrdU
antigen. The cell-cycle exit assay was performed following a published
protocol (Chenn and Walsh, 2002). Brieﬂy, embryos were collected
24 h after BrdU injection to the mother, followed by anti-Ki67 (ﬁrst)
and anti-BrdU (second) double-immunoﬂuorescence stain. In ran-
domly chosen ﬁelds of view in the VZ and SVZ, 100 BrdU-positive cells
were selected ﬁrst, then Ki67 expression was determined. Cellslabeled with anti-BrdU only were counted as the cells out of cell-cycle,
while the cells double-labeled with BrdU and Ki67 were counted as
cells still the cell-cycle.
Cell counting and statistical analysis
For cell counting, at least three pairs of littermate embryos (control
vs. mutant) were used. For each pair, four consecutive sections (15 μm-
thick) starting from the level comparable to Bregma 0.0 mm (e.g. Figs.
1C, D) were selected for counting. At this level, the developing cerebral
cortex, ganglionic eminence, the anterior commissure, the optic
chiasma, and the rostral end of the third ventricle were all clearly
visible in control embryos. The cells adjacent to the lateral ventricle
surface and condensed in a laminar pattern were considered the
ventricular zone (VZ), while the cells located above VZ but underneath
the intermediate zone in the cerebral cortex or the striatum were
considered to be the subventricular zone (SVZ). After counting
positive-labeled cells in the 60-micro block, the total number of
labeled cells in each embryo was determined, and the mean and
standard deviation of examined embryos (n=3–6 for group, indicated
in the text for each assay) were calculated. Quantitative data were
compared between control and mutant embryos using two-sample
(unpaired) t-test assuming equal variance.
Results
Conditional Rac1-deletion in the mouse forebrain causes microcephaly
Because conventional gene-targeting of Rac1 leads to early
embryonic lethality (Sugihara et al. 1998), we employed a conditional
Cre/loxP knockout strategy by cross-breeding Foxg1-Cre driver mice
and Rac1-ﬂox mice to delete Rac1 in the forebrain from E9.5 (Chen et
al., 2007). The Foxg1-Cre; Rac1-ﬂox/ﬂox (hereafter referred to as Rac1-
CKO) embryos die at late embryonic stages but prior to birth. Grossly,
Rac1-CKO embryos showed reduced body size, with the forebrains
being particularly smaller than those of control Rac1-ﬂox/+ littermate
embryos (The brains of E16.5 embryos are shown in Fig. 1A).
Measurement of the widths and lengths conﬁrmed a disproportio-
nately smaller forebrain (FB) than the midbrain (MB) in Rac1-CKO
embryos (Fig. 1B; n=6). Histological sectioning and Nissl stain analysis
also showed a smaller cerebral cortex (Ctx) and striatum (St), as well
as, enlargement of the lateral ventricles (LV) in the Rac1-CKO embryos
(Figs. 1C, D). The preferential reduction of forebrain size in Rac1-CKO
embryos is expected by the expression pattern of Cre recombinase in
the Foxg1-Cre mice (Hebert and McConnell, 2000). Together, these
phenotypes confer to that of microcephaly.
Rac1 deﬁciency reduces neural progenitor pool in late
embryonic development
To track the neural progenitor pool during embryonic develop-
ment in control and Rac1-CKO embryos, we performed immunostain-
ing of Ki67 (a proliferating cell marker) and TuJ1 (an early neuronal
marker) from E12.5 to E18.5 (n=3–4 for each age). We found that the
progenitor pool in both dorsal and ventral telencephalon of Rac1-CKO
embryos was decreased, when compared age-matched control
littermates (Figs. 2A–H). The reduction of neural progenitor popu-
lation was particularly evident starting from E16.5. Quantiﬁcation of
Ki67-positive cells in comparable anatomic regions showed a
signiﬁcant decrease in Rac1-CKO at E16.5 and E18.5 (Fig. 2I, pb0.01
by t-test). Counting of Ki67-positive cells over TuJ1-positive cells also
showed a signiﬁcant reduction in Rac1-CKO embryos than controls at
E18.5 (Fig. 2J, pb0.01). These results indicate that Rac1 deﬁciency
reduces neural progenitor pool in late embryonic development.
We also performed immunostain using an antibody against
phospho-histone 3 to examine the effects of Rac1-deﬁciency on the
Fig. 1. Deletion of Rac1 in forebrain neural progenitors results in microcephaly. (A) Gross brain morphology of E16.5 Rac1-CKO (Foxg1-Cre: Rac1-ﬂox/ﬂox) embryos and control
siblings (Rac1-ﬂox/+). The Rac1-CKO brains have a disproportional smaller forebrain (FB) than control siblings. (B) Three dimensional widths and lengths of the FB andmidbrain (MB)
were measured in control and Rac1-CKO embryos for comparison. Data were compiled from 6 sets of matched embryos from different litters. pb0.001 was determined by t-test.
(C, D) Nissl stain of coronal sections at E16.5 revealed a diminished size of the cerebral cortex (Ctx) and striatum (St) in Rac1-CKO embryos (D), resulting in an enlarged lateral
ventricle (LV), when compared to those in the control embryos (C).
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fromE14.5 to E18.5 (Supplementary Fig.1). Similar to control embryos,
the majority of mitotic cells in Rac1-CKO embryos were located at the
ventricular surface or in the subventricular zone (SVZ), unlike the
consequence of forebrain Cdc42-deletion leading to random distribu-
tion of mitotic cells in the neuroepithelium (Chen et al., 2006).
Moreover, the numbers of phospho-histone-3 positive cells were
actually increased in Rac1-CKO embryos at E16.5 and E18.5. These
results suggest that Rac1 deﬁciency does not inhibit mitosis by
telencephalic progenitors. Instead, the decline of the progenitor pool
at late embryonic stages could be due to imbalance between self-
renewal and cell-cycle exit of neural progenitors at an earlier stage.
Rac1 deﬁciency accelerates cell-cycle exit by telencephalic
neural progenitors
During brain development, the self-renewal and cell-cycle exit of
neural progenitors is tightly controlled by a cohort of transcription
factors and signaling pathways (Toresson and Campbell, 2001; Chenn
and Walsh, 2002; Parras et al., 2002). Among them, the homeobox
gene GSH2 is expressed in the ventricular zone (VZ), whereas the basichelix–loop–helix gene Mash1 is expressed by more mature progeni-
tors at the boundary between VZ and SVZ in ventral telencephalon
(Figs. 3A–C). To test whether Rac1 deﬁciency affects the maturation of
neural progenitors, we performed GSH2- and Mash1 double immuno-
ﬂuorescence labeling in E14.5 Rac1-CKO embryos and littermates. This
analysis showed that GSH2 expression in the VZ was decreased in the
Rac1-CKO embryos, when compared to control embryo (Fig. 3D). In
contrast, the domain of Mash1 expression was increased in Rac1-CKO
embryos, covering the entire VZ (Fig. 3E). Themerged images of GSH2-
and Mash1-staining clearly illustrate the difference in expression of
VZ-versus-SVZmarkers between Rac1-CKO and control embryos (Figs.
3C, F) and suggest precocious maturation of neural progenitors in the
absence of Rac1.
To further test this possibility, we examined the progenitor cell
cycle exit, a process that depends on both self-renewal and
differentiation of progenitors (Molofsky et al., 2004). To do so, we
pulse-labeled neural progenitors with BrdU at E14.5 day, and collected
the embryos 24 h later for anti-BrdU and anti-Ki67 double-labeling
(Figs. 3G, H). The cell cycle exit index was calculated by the percentage
of BrdU-positive and Ki67-negative cells (thus exited the cell-cycle)
over the total anti-BrdU-stained cells. This analysis showed an
Fig. 2. Forebrain-Rac1 deﬁciency results in gradual reduction of the progenitor pool. (A–H) Double-immunoﬂuorescence staining of Ki67 (Green; a marker for proliferative cells) and
Tuj1 (Red; a neuronal marker) was performed in E12.5 to E18.5 forebrains of control (A–D) and Rac1-CKO (E–H) embryos. Note the reduction of Ki67-stained domains in E16.5 and
E18.5 Rac1-CKO embryos (asterisks). (I) The total numbers of Ki67 positive cells in comparable forebrain sections of control and Rac1-CKO embryos were counted from E12.5 to E18.5
for comparison. Data were collected from 3–4 embryos for each age. This analysis showed a signiﬁcant reduction of Ki67-positive cells in Rac1-CKO embryos at E16.5 and E18.5
(asterisk: pb0.01 by t-test). (J) The ratios of Ki67-positive cells over TuJ1-positive cells in the control and Rac1-CKO embryos from E12.5 to E18.5 developmental stages were
quantiﬁed (asterisk: pb0.01 by t-test).
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embryos compared to that in control embryos (Fig. 3I; n=5, pb0.05 by
t-test). We also examined the length of S-phase by 30-min pulse-
labeling of progenitors with BrdU, followed by calculating the ratio of
BrdU-positive (S-phase) over Ki67-positive cells (all cell-cycle phases)
from E14.5 to E18.5. No discernible difference in the length of S-phase
was found between Rac1-CKO and control embryos. Moreover, the
majority of BrdU-incorporated cells in the Rac1-KO embryos were
located at the upper boundary of the VZ, similar to those in control
embryos (Supplementary Fig. 2). Together, these results suggest that
Rac1-deﬁciency does not affect the length of S-phase or the
interkenetic nuclear migration of neural progenitors. Instead, Rac1-
deﬁciency may cause an increased fraction of cell-cycle exit during
early-to-mid corticogenesis.
Rac1 deﬁciency increases apoptosis of progenitors and newborn neurons
Rac1 has been shown to regulate the survival and apoptosis in
several cell types, including cerebellar granule neurons (Linsemanet al., 2001; Le et al., 2005). To examine whether the loss of Rac1
would lead to changes in neural survival, we performed anti-
cleaved (and thus active) Caspase-3 immunostaining and TUNEL to
examine Rac1-CKO embryos and control littermates from E14.5 to
E18.5. This analysis showed an increase of active Caspase-3-positive
cells in the forebrain of Rac1-CKO embryos over these develop-
mental stages, with the enhanced cell death the most evident at
E14.5 (Fig. 4C; n=3, pb0.01 by t-test). The results of TUNEL assays
were consistent with that of anti-active Caspase-3 staining (data
not shown).
The locations of active Caspase-3-positive cells were mainly near
and outside the SVZ border in the ventral telencephalon, suggesting
that striatal progenitors and nascent neurons are the likely identities
of apoptotic cells (Figs. 4A, B). Consistent with this possibility, double-
labeling of active Caspase-3 and an immature neuronal marker, TuJ1,
often showed co-localization at the SVZ-mantle zone border of LGE in
E14.5 Rac1-KO embryos (data not shown). These data suggest that
Rac1 deﬁciency leads to increased apoptosis of mature progenitors
and nascent neurons in the telencephalon.
Fig. 3. Rac1 deﬁciency in neural progenitors accelerates cell cycle exit. (A–F) Double-immunoﬂuorescence staining of GSH2 (Green; a ventral telencephalic neural progenitor marker)
andMash1 (Red; a marker for progenitors normally located between the ventricular and subventricular zones of the ventral telencephalon) was performed in E14.5 control (A–C) and
Rac1-CKO (D–F) embryos. Note the expansion of Mash1-positive domain and reciprocal reduction of GSH2-positive cells in the lateral ganglion eminence (LGE) of Rac1-CKO embryos.
Shown is the representative result in 5 sets of embryos. (G, H) A cell cycle exit assay performed in Rac1-CKO (H) and control sibling (G) embryos by injecting BrdU to the pregnant
mouse at the gestational 14.5 day followed by double anti-BrdU/Ki67 staining of the embryos collected 24 h later. (I) The cell cycle exit index was calculated by counting those cells
that are positive for BrdU but negative for Ki67 staining over the total number of BrdU-positive cells in the LGE. This analysis showed approximately 30% increase in the cell cycle exit
index in Rac1-CKO, when compared to that in control embryos (Data were collected from 5 sets of embryos, pb0.05 by t-test).
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Our previous study has shown that VZ progenitor-speciﬁc deletion
of Rac1 prevents the acquisition of migratory competency by ventraltelencephalon-derived interneurons (Chen et al., 2007). Likewise, Rac1
may also regulate terminal differentiation of striatal projection neurons.
To test this possibility, we ﬁrst examined the expression of Foxp1, a
forkhead transcription factor that is expressed by almost all striatal
Fig. 4. Forebrain-Rac1 deﬁciency leads to increased apoptosis of nascent neurons. (A, B)
Immunocytochemistry showed an increase of active Caspase-3 staining in the forebrain of
Rac1-CKO embryos than those in control sibling embryos from E14.5 to E18.5, with the
difference most pronounced at E14.5. The majority of active Caspase-3-stained cells were
located outside the ventricular zone (VZ), suggesting that they are nascent postmitotic
cells. (C) The numbers of active Caspase-3-stained cells in comparable forebrain sections of
control and Rac1-CKO embryos were counted from E14.5 to E18.5 for comparison. (Data
were collected from 3 sets of embryos for each age, pb0.01 by t-test).
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Rac1-CKO embryos and their littermates. This analysis showed that
Rac1-deﬁciency does not prevent Foxp1 expression in the developing
striatum (Figs. 5A, D). The striatal projection neurons also segregate
into two parallel compartments, the patch and the matrix, according
to distinct neuroanatomical targets and the expression of neuroche-
mical markers (Gerfen, 1992). Among them, DARPP-32 is a well-
characterized marker of the patch and Calbindin is a speciﬁc marker
for the matrix compartment, both appearing in the fetal striatum
(Gerfen et al., 1985; Foster et al., 1987). Surprisingly, we found that the
number of DARPP-32 positive cells was greatly reduced in E18.5 Rac1-
CKO embryos (Figs. 5B, C). Furthermore, very few Calbindin-positive
cells were located inside the striatal matrix in Rac1-CKO embryos,
when compared to control littermates. Instead, the majority of
Calbindin-positive cells were distributed either in the striatal SVZ or
in the adjacent dorsal telencephalon (Figs. 5C, D). Together, these
results suggest that Rac1-deiﬁciency in neural progenitors may cause
defects in terminal differentiation of the striatal projection neurons.
Discussion
Rho-family GTPases are important molecular switches controlling a
multitude of cellular processes, ranging from cell division, gene
expression, to cell motility (Jaffe and Hall, 2005). While tremendous
progress has been made in elucidating the biochemical mechanisms of
Rho-GTPases in cultured cells, the validation of their biological functions
in vivo, especially during the mammalian brain development, haslagged behind. This is because of uncertain speciﬁcity of dominant-
mutant Rho-GTPases, as well as, the phenotype of early embryonic
lethality in germ-line deletion of, for example, Rac1 and Cdc42
(Sugihara et al., 1998; Chen et al., 2000). To overcome these obstacles,
we have established a mouse forebrain Rac1 gene-targeting model by
crossing Foxg1-Cre with Rac1-ﬂox/ﬂox mice, and showed that Rac1
controls midline-crossing of commissural axons and the acquisition of
migratory competency by the ventral telencephalon-derived interneu-
rons (Chen et al., 2007). Surprisingly, our study also showed that Rac1 is
dispensable for neuritogenesis per se, a conclusion that is opposite to
many studies using over-expression of dominant-negative Rac1. These
ﬁndings indicate that the conditional gene-target strategy can reveal
subtle or more physiological functions of Rho-GTPases.
In the present study, we examined the effects of Rac1 deﬁciency on
the forebrain neural progenitors using the samemousemodel (Foxg1-
Cre; Rac1-ﬂox/ﬂox). Our results indicate that Rac1 has important
functions in maintaining the self-renewal of progenitors, the survival
of progenitors and nascent neurons, and terminal differentiation of
neuronal subtypes. Ultimately, the forebrain progenitor-speciﬁc
deletion of Rac1 results in a microcephaly phenotype (Fig. 6). These
ﬁndings demonstrate for the ﬁrst time that Rac1 has important
functions in neural progenitor, similar to its critical role in the
hematopoietic and epidermal stem cells (Gu et al., 2003; Benitah et al.,
2005). Although the exact mechanisms remain to be clariﬁed, these
ﬁndings offer new insights into possible roles of Rho-GTPases in cell-
cycle exit, apoptosis, neural differentiation, and the onset of develop-
mental brain disorders such as primary microcephaly.
Cell-cycle exit
Rho GTPases have been shown to regulate cell-cycle progression in
a variety of mammalian cell types, mainly in the G1/S-phase and G2/
M-phase transition (Jaffe and Hall, 2005; Michaelson et al., 2008).
However, Foxg1-Cre directed Rac1 deletion showed no signs of cell-
cycle inhibition in either the length of the S-phase, the distribution of
S-phase cells, and the number of mitotic cells in the telencephalic
neuroepithelium (Supplementary Figs. 1–2). This result contrasts
hematopoietic stem cells where Rac1 deﬁciency results in inhibition
of progenitor proliferation (Gu et al., 2003). However, the VZ-speciﬁc
deletion of Rac1 does cause a gradual decline of the progenitor
population in the telencephalon in late embryonic stages (Fig. 2).
Furthermore, we showed that it is associated with an increased
fraction of neural progenitors undergoing cell-cycle withdraw at an
earlier stage (Fig. 3).
The balance between self-renewal and cell-cycle withdraw by
neural progenitors is an important determinant of the ﬁnal output of
neurogenesis, and it is tightly controlled by a cohort of signal
transduction pathways, including Notch, Wnt, and multiple transcrip-
tion factors (Chenn and Walsh, 2002; Molofsky et al., 2004; Gotz and
Huttner, 2005; Guillemot, 2005). Among the latter, the homeobox
gene GSH2 is expressed by all VZ-progenitors in the ventral
telencpehalon, whereas the basic helix–loop–helix gene Mash1 is
predominantly expressed by the more matured SVZ-progenitors
(Toresson and Campbell, 2001; Parras et al., 2002). Although the
mediators remain unclear, it is likely that GSH2 and Mash1
differentially direct gene-expression to promote self-renewal or cell-
cycle exit, respectively. In this regard, it is interesting to notice that
Rac1-deletion down-regulates GSH2 expression and reciprocally
expands the domain of Mash1 expression in the VZ, correlated with
a 30% increase of the cell-cycle withdraw fraction by neural
progenitors (Fig. 3). Because the expansion of Mash1 expression in
the VZ can be viewed as an indication of “premature differentiation”,
the combined phenotypes are similar to those of Rac1-deletion in the
epidermal stem cells, in which the Rac1–Pak2–Myc pathway has been
proposed to cause precocious differentiation and early exhaustion of
the progenitor pool (Benitah et al., 2005). Thus, although the detailed
Fig. 5. Forebrain Rac1-deﬁciency causes abnormal differentiation of the striatum. The differentiation and compartmentalization of the striatum was examined in E18.5 embryos by
immunostaining against Foxp1 (a marker for all striatal projection neurons), DARPP-32 (a marker of the patch compartment), and Calbindin (a matrix-compartment marker). This
analysis showed that Rac1-CKO embryos have relatively normal expression of Foxp1 (D), but greatly decreased DARPP-32 expression (E) and ectopic distribution of Calbindin-positive
cells (F) in the striatum, when compared to control embryos (A–C). Shown are typical staining patterns in ﬁve sets of embryos.
168 L. Chen et al. / Developmental Biology 325 (2009) 162–170mechanisms could differ from tissue to tissue, Rac1 may play a critical
role in regulating the balance between self-renewal and cell-cycle
withdraw in a diverse spectrum of stem cells and progenitors.
Cell death
In addition to the output by progenitor proliferation, programmed
cell death is another key determinant of the size of the brain (Rakic,
1995). While the death of projecting neurons lacking neurotrophic
support is well established, recent studies indicate an earlier wave of
programmed cell death affecting neural progenitors and nascent
neurons. Moreover, the early wave of cell death appears to play an
even more critical role in determining the ﬁnal size of the brain (de la
Rosa and de Pablo, 2000; Kuan et al., 2000). For example, the reductionFig. 6. Abnormal forebrain development associated with Rac1 deﬁciency in neural
progenitors. Loss of Rac1 in the telencephalic neural progenitors can accelerate cell
cycle exit, increase apoptosis of nascent neurons, and impair neuronal differentiation at
a late embryonic stage. The combination of these events may lead to a reduced size of
the forebrain or microcephaly.of neural progenitor apoptosis due to Caspase-3, Caspase-9- or APAF-1-
deletion all leads to massive expansion of the brain (Kuida et al., 1996,
1998; Cecconi et al., 1998). In contrast, increase of progenitor and
nascent neuron death due to mutation of Citron kinase produces
smaller brains as the “ﬂathead” phenotype (Roberts et al., 2000; Di
Cunto et al., 2000). Thus, dysregulation of progenitor and nascent
neuron death may be an important cause of primary microcephaly.
In the forebrain-speciﬁc Rac1-CKO embryos, enhanced apoptosis
occurs mainly between E12.5 and E14.5, and it is most evident in the
border between SVZ and the mantle zone in the LGE, which is usually
comprised of proliferating neural precursors and nascent neurons
(Fig. 4). The increased early apoptosis could also contribute to
reduction of the neural progenitor pool at late stages of embryonic
development. Regarding the underlying mechanism, little is known
about how Rac1-deﬁciency causes increased apoptosis of neural
progenitors and nascent neurons. In other cell types, inhibition of
Rac GTPases triggers the JNK signaling pathway-mediated apoptosis
of cerebellar granule neurons (Linseman et al., 2001). Rac1 also
protects epithelial cells against anoikis (Coniglio et al., 2001). Citron
kinase, the protein responsible for the “ﬂathead” mutation, is an
effector of Rho GTPases that regulates cytokinesis of neural
progenitors (Di Cunto et al., 2000; LoTurco et al., 2003). Additionally,
deletion of Lis1 in neuroepithelial stem cells that regulate mitotic
spindle orientation through a LIS/dynein pathway is found to
provoke rapid apoptosis of the cells (Yingling et al. 2008). Future
studies are needed to determine whether some or all of these
mechanisms contribute to Rac1-deﬁciency-induced apoptosis in
early cortical neurogenesis.
Differentiation
The maturation of neural structures involves early speciﬁcation of
regional identities and terminal differentiation of cellular subtypes.
169L. Chen et al. / Developmental Biology 325 (2009) 162–170These two steps are clearly distinct but coordinately regulated by
common transcription factors (Guillemot, 2005). For example, the
homeobox gene GSH2 is an early regional marker of the striatum, but
it also induces the retinoic acid signaling pathway to promote the
patch-projection neuron identity and suppresses the matrix-projec-
tion neuron fate (Toresson and Campbell, 2001; Waclaw et al., 2004).
These ﬁndings suggest that dysregulated gene-expression in neural
progenitors may have profound consequences in terminal differentia-
tion of the derivatives.
In this regard, our studies revealed a critical role of Rac1 in VZ-
progenitors for terminal differentiation of the striatal neurons. Our
previous study has shown that Rac1-deletion in the VZ-progenitors (by
Foxg1-Cre mice), but not the SVZ-progenitors (using the Dlx5/6-Cre
mice), severely impairs tangential migration of the ventral telencepha-
lon-derived cortical and olfactory interneurons (Chen et al., 2007). Here
we showed that Rac1-deletion in the VZ down-regulates the expression
of GSH2 and reciprocally up-regulates the marker for more matured
SVZ-progenitors, Mash1 (Fig. 3). Further, the mis-expression of early
regional markers is correlated with delayed or defected differentia-
tion of the patch-matrix compartments of striatal projection neurons
(Fig. 5). Together, these results demonstrate important progenitor
functions of Rac1 in terminal differentiation of the striatum.
Microcephaly
The combination of Rac1 deﬁciency-induced defects, including
progenitor depletion, increased apoptosis and defective differentia-
tion in the forebrain, results in a condition similar to primary
microcephaly in human (Fig. 6). Primary microcephaly comprises a
heterogeneous group of conditions characterized by a failure of
normal brain growth as a result of defects in pattern formation, cell
proliferation, cell growth, cell survival, or differentiation (Mochida
and Walsh, 2001). The genetic causes of congenital microcephaly can
be further subdivided according to whether there is a normal brain
architecture or not. Our model falls into the ﬁrst category, since the
cerebral cortex and striatal structures are basically normal but both of
a reduced size.
Mutations in the Rho GTPase signaling pathway are associated
with the dendritic spine dysgenesis and mental retardation (Purpura,
1974; Ramakers, 2002; Kasri and Van Aelst, 2008).Whethermutations
of the Rho GTPase pathway also contribute to primary microcephaly is
less clear. However, one of the human microcephaly-associated genes,
ARFGEF2, encodes an ADP-ribosylation factor guanine nucleotide-
exchanger factor-2 implicated in vesicle trafﬁcking (Sheen et al.,
2004). The animalmodel of microcephaly in the “ﬂathead”mutation is
also caused by loss-of-function of a Rho GTPase effector, Citron kinase,
involved in neural progenitor cytokinesis (Di Cunto et al., 2000;
Roberts et al., 2000). The present study demonstrates that progenitor-
speciﬁc deletion of Rac1 could lead to primary microcephaly-like
phenotype. This observation, along with our previous ﬁnding of
holoprosencephaly caused by forebrain-speciﬁc deletion of Cdc42
(Chen et al., 2006), strongly suggests that the Rho GTPase signaling
pathway has important functions in brain morphogenesis.
In summary, by conditional gene-targeting in the developing
forebrain, we discovered a critical role of Rac1 GTPase in regulating
many important processes of neural progenitors. The mechanisms
leading to the observed phenotypes, i.e. progenitor survival, diffe-
rentiation and cell-cycle withdraw, remain to be explored. Yet, this
ﬁnding suggests a novel pathway whose mutations and dysfunction
could attribute to the onset of primary microcephalic syndrome in
humans.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2008.10.023.References
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